Neuropsychiatric complications among AIDS patients are called NeuroAIDS. A combination of neurological and psychiatric disorders is considered as neuropsychiatric disorder which includes mood disorders, schizophrenia, addiction, dementia, epilepsy, etc. Neuropsychiatric disorders contribute \~15% of total burden of world's disease.\[[@CIT1][@CIT2]\] An abrupt increase in incidences of neuropsychiatric disorders has been observed among HIV seropositives as well as AIDS patients in last 10 years.

More than 25 years ago, HIV was reported as a unique infection with certainty of death. Initially, the main objective of treatment was to control HIV infections and death associated with it. Therefore, an expected attention was not paid to neurological and psychiatric complications noticed among HIV patients. Incidences of opportunistic infections along with baffling signs and symptoms of neurological disorders could be traced as even in the first known report about HIV/AIDS patients.\[[@CIT3][@CIT4]\] Some of the common opportunistic infection in AIDS/HIV seropositive has been listed in [Table 1](#T0001){ref-type="table"}. Undoubtedly, medications for HIV treatment have seen enormous improvements, which have enhanced the survival among HIV seropositives. Some HIV seropositives even survive for more than 20 years after initial exposure to HIV. The current evidences clearly suggest that variety of neurological and psychological disorders among early patients of HIV/AIDS were indicative of their late stages of HIV infections.

###### 

Commonly occurring opportunistic infections in HIV/AIDS patients

  Disease                                      Infectious organism
  -------------------------------------------- ------------------------------
  Pneumonia                                    *Pneumocystis carinii*
  Pneumonia                                    *Pneumocystis jiroveci*
  Kaposi's sarcoma                             Kaposi's sarcoma virus (KSV)
  Tuberculosis                                 *Mycobacterium avium*
  Tuberculosis                                 *Mycobacterium tuberculosis*
  Cryptococcal meningitis                      *Cryptococcus neoformans*
  Toxoplasmic encephalitis                     *Toxoplasma gondii*
  Progressive multifocal leukoencephalopathy   J C Virus (JCV)
  Cytomegalovirus encephalitis                 Cytomegalovirus (CMV)

Importance of HIV infection can be gauged with the fact that \~6800 patients get infected with HIV, while \~5700 patients die with AIDS everyday.\[[@CIT5]\] As per current estimate, \>34 million people have been infected with HIV out of which ≥50% of HIV seropositives show symptoms of neurological complications. These neurological complications are associated either with central nervous system (CNS) or peripheral nervous system (PNS) or both.\[[@CIT6]\] Generally these symptoms become more clinically evident with the progression of AIDS. AIDS can be clinically defined when (i) condition in which CD4 ^+^ T-lymphocyte counts are \<200 cells/*μ*l of blood, (ii) presence of AIDS defining illnesses like HAD (HIV-associated dementia), HIV wasting syndrome, *etc*.\[[@CIT6][@CIT7]\]

Unfortunately, neuroAIDS afflicts patients at their prime age i.e., \~30--40 years, resulting in a major loss of human productivity. Neuropsychiatric disorders on the one hand lead to increase in health care cost for the patient, while on the other hand these patients become ineffective to perform any productive work either for self or for society.\[[@CIT8][@CIT9]\]

HIV variations at molecular level are described as clades. Clades have geographical preferences, *e.g*., clade B is prevalent in industrialized world while other clade types like A, C, E, *etc*. are prevalent mostly in developing or underdeveloped regions. Mixing as well as evolution of these clades have also been observed.\[[@CIT10]\] Apart from clade variation, drug resistance is also common in occurrence.\[[@CIT11]\] Importance of evolution of drug resistant HIV cannot be denied for its impact on AIDS as well as neuroAIDS. Majority of data about neuroAIDS has come from clade B of HIV. Knowledge about the role of other clades is very limited because (i) patients infected with clades other than clade B rarely have life-long access to antiretroviral treatments (ART) and (ii) these clades are prevalent in societies lacking resources.

Improved antiretrovirals have reduced morbidity and mortality among HIV seropositives.\[[@CIT12][@CIT13]\] An increase in life span possibly leads toward neuroAIDS among long-term HIV survivors. In current circumstances, a significant increase in neuroAIDS cases cannot be ignored, as it may have serious consequences in near future.

Neurotoxicity is the major reason for the onset of neurocognitive disorders among HIV seropositives. Neuropsychiatric disorders among HIV patients such as HIV-associated dementia (HAD), HIV-associated encephalopathy (HIVE), *etc*. are common with wide-ranging symptoms \[[Table 2](#T0002){ref-type="table"}\]. Neurotoxicity is considered as the major contributing factor for neuroAIDS. Still it is debatable, "What are the triggers for neurotoxicity?" Some of the possibilities are under active considerations such as (i) Is HIV itself responsible for neuroAIDS? (ii) Is neuroAIDS a secondary complication evolved due to long-term ART? (iii) Are low levels of persistent and chronic HIV infections contributing toward the development of neuroAIDS? Or (iv) Is it a combined effect of all these possibilities? The present understanding of neuroAIDS and its causes are still not very clear!

###### 

Common neuropsychiatric disorders in HIV/AIDS patients

  Neuropsychiatric disorders
  ----------------------------
  Addiction
  Anxiety
  Depression
  Epilepsy
  Mania
  Mood disorders
  Neurocognitive impairment
  Neuropathic pain
  Physical disability
  Seizure

In this article we will discuss susceptibility of various cell types of CNS for HIV infection and their implications in neuropsychiatric disorder among HIV seropositives.

Receptors and Co-Receptors for HIV Infection {#sec1-1}
============================================

CD4 is a primary receptor for HIV infection and is commonly found on peripheral blood mononuclear cells especially on T-cells, monocytes, and macrophages.\[[@CIT11][@CIT14]\] Other co-receptors for HIV infection have also been identified which are known as chemokine receptors. Chemokine receptors are of two types: CXCR4 and CCR5. Expression of CD4 receptors on brain cells is from negligible to none. Most common cells of CNS, *viz*., oligodendrocytes and neurons, are negative for CD4 antigen. Microglia and perivascular macrophages are the only two cell types that express CD4 antigens \[[Table 3](#T0003){ref-type="table"}\].

###### 

HIV infectivity and cells of central nervous system

  Cell type                               CD4 receptor   Chemokine receptor   HIV susceptibility   Productive infections
  --------------------------------------- -------------- -------------------- -------------------- -----------------------
  Astrocytes                              −              \+                   Yes                  −
  Brain microvascular endothelial cells   −              \+                   *in vitro*           −
  Microglia                               \+             \+                   Yes                  \+
  Neurons                                 −              \+                   No                   −
  Oligodendrocytes                        −              \+                   *in vitro*           −
  Perivascular macrophages                \+             \+                   Yes                  \+

Importance of co-receptors cannot be denied for their role in HIV infection of CNS. Chemokines and their receptors have been reported to play a role in pathogenesis of different neurological disorders like HAD, Alzheimer's disease, prion infection, *etc*. Over-expression or pathological expression of chemokines may cause pathogenesis in specific brain areas. Therefore, chemokine receptors may also serve as an entry point for HIV infection into CNS.\[[@CIT15]\] CXCR4 receptors are expressed on neurons of brain of HAD patients.\[[@CIT16]\] Hippocampal neurons in HAD have been reported to be positive for CCR2, CCR3, and CCR4.\[[@CIT17]\] Microglia and neuron were also found positive for CCR2, CCR3, and CXCR4 in HAD. These chemokines are highly expressed in sub-cortical and limbic region, out of which limbic region is considered mainly responsible for cognitive functions. Probably, this could be one of the reasons for cognitive disorder and memory dysfunctions among HAD patients. An elevated level of CCR1, CCR3, CCR5, and CXCR4 has been reported in microglial nodules.\[[@CIT18][@CIT19]\] An over-expression of CX3C chemokine, fractalkine/CXC3CLI were reported in pediatric patients, while overexpression of fractalkine/CX3CLI have been reported in adult patients.\[[@CIT20][@CIT21]\] Chemokine levels have been positively correlated with severity of dementia and viral load, which is an indicator of their significance in HIV- induced neuropathogenesis.

A decline in cognitive, motor function, as well as behavioral disorders among HAD patient can be explained by a significant increase in neuronal death, which could be a consequence of HIV infection to brain.\[[@CIT22][@CIT23]\] HIV infections to neurons are rare to none; therefore neuronal loss is possibly due to neurotoxic factors produced by HIV-infected cells of CNS, *viz*., astrocytes, microglia, or other neurotoxic proteins of HIV origin.

Neuropathogenesis of HIV {#sec1-2}
========================

CNS is considered as one of the most protected organ/system in body because of the presence of protective layer called as blood-brain barrier (BBB). BBB is a continuous layer of tightly linked microvascular endothelial cells surrounding brain, which separates CNS from rest of the body. The cerebrospinal fluid (CSF) is separated from peripheral circulation by the blood-CSF barrier known as choroid plexus.\[[@CIT24]\] Pathological conditions and injuries to CNS leave opportunities for pathogens, immune cells, and various biomolecules to enter into CNS. CNS majorly comprises of five different types of cells, *viz*., astrocytes, oligodendrocytes, neurons, microglia, and perivascular macrophages.\[[@CIT25][@CIT26]\]

Neurons {#sec1-3}
=======

Neurons are main effector cells for cognitive and motor functions. Therefore, importance of neurons in HIV related neuropathogenesis cannot be ignored. A significant neuronal death has been reported in HIV infected brains\[[@CIT27]--[@CIT29]\] even though neurons are non-permissive for HIV infections. Most of the studies have failed to demonstrate HIV infections *in vivo*; however few studies have reported presence of HIV viral DNA and proteins in neurons.\[[@CIT30][@CIT31]\] Neurons do not express receptors for HIV infection, which is the strongest argument for neuronal non-permissiveness for HIV. A strain restricted infection to primary neurons\[[@CIT32]\] and to neuronal cell lines have been reported *in vitro*; however, same HIV strains failed to infect neurons *in vivo*.\[[@CIT33]--[@CIT35]\] The major reason for failure to demonstrate HIV infection in neuronal cells is due to inherent qualities of neurons itself. Neurons in response to adverse stimulus tend to die either by apoptosis or necrosis. Therefore, a productive HIV infection in neurons is almost impossible even *in vitro*. Inability of neurons to regenerate may also be a contributing factor for the failure to detect any HIV infections.\[[@CIT25]\]

Oligodendrocytes {#sec1-4}
================

Oligodendrocytes produce myelin sheath, which supports fast axonal conduction. An alteration in axonal conduction is possible during HIV infections. Oligodendrocytes are CD4 negative cells but they express chemokine receptors, which raises the question, "How can oligodendrocytes get infected with HIV?" Absence of receptors also supports non-infectivity of oligodendrocytes. Some studies have shown the presence of HIV nucleic acid in oligodendrocytes by in situ PCR, while another study has reported absence of any markers of HIV infection.\[[@CIT30][@CIT31][@CIT36]\] A limited HIV infectivity has been reported *in vitro* with specific HIV strain.\[[@CIT37]\] Binding of HIV gp120 to galactosylceramide or other proteoglycans of oligodendrocytes may reduce myelin synthesis and can cause increase in intracellular Ca^2+^ levels and apoptosis, which further contribute towards HIV neuropathogenesis.\[[@CIT38]\]

Microglia and Perivascular Macrophages {#sec1-5}
======================================

Astrocytes, microglia, and perivascular macrophages are the major cell types found in perivascular region of brain. Microglia and perivascular macrophages act as resident immunocompetent cells and respond to any insult to brain (including infections). These cells also respond upon entry of infected cells including HIV-infected monocytes and T-cells. HIV-infected monocytes and T-cells enter into brain due to breach in BBB. Peripheral migratory monocytes (infected) after entry into brain differentiate into monocyte-derived macrophages of CNS (or also known as perivascular macrophages) and these cells are considered as a possible source for productive HIV infection in brain.\[[@CIT39][@CIT40]\]

Microglial cells have been reported to be immuno-positive for HIV. HIV replication in primary microglial cells from adults, infants, as well as fetal brain have been demonstrated *in vitro*.\[[@CIT41]--[@CIT45]\] Microglial cells functions are similar to macrophages and they express major receptors and co-receptors for HIV infections like CD4, CCR5, along with other chemokine receptors, *viz*., CCR3, CCR2b, CCR8, CXCR6, and CX3CR1.\[[@CIT18][@CIT46]--[@CIT48]\] Presence of these receptors and co-receptors makes microglial cells vulnerable for HIV infection. Microglial cells possibly act as a source for productive HIV infections under the influence of different pro-inflammatory and inflammatory cytokines. *In vitro* studies have demonstrated that mixed microglial culture from human brain can retain replication competent HIV up to few months, although HIV replication is of low level.\[[@CIT49]\]

Perivascular macrophages are CD4^+^45^+^, flat and elongated cells mostly located adjacent to brain microvasculature endothelial cells. The turnover rates of perivascular macrophages are higher compared to microglia, due to its closer proximity to peripheral circulation. Perivascular macrophages get regularly replenished from peripheral monocytes. This replenishment could be considered as side effect of "opening the door" phenomenon. In case of HIV-1 and HIV-2 infections, perivascular macrophages are some of the most infected cells, which has also been confirmed by in situ immunohistochemistry, while in simian immunodeficiency virus (SIV), these cells have also shown active viral replication.\[[@CIT50]--[@CIT52]\]

Astrocytes {#sec1-6}
==========

Astrocytes maintain homeostasis of CNS and express receptors for various neuroreactive compounds including neurotransmitters. Astrocytes act as sentinels by regulating levels of neurotransmitters like glutamate. A proliferative response among astrocytes has been reported in HIV-infected brains.\[[@CIT53][@CIT54]\] Astrocytes have failed to show any robust viral replication because only few astrocytes were found to be positive for HIV antigen. The expression of CD4 antigen in astrocytes is subminimal or negligible. Therefore, mechanism for HIV entry into astrocytes is questionable. In HIV patients, astrocytosis has been reported in response to viral proteins or other macrophage products. It has been implicated that astrocytosis may have a role in HIV-induced neuropathogenesis.\[[@CIT50][@CIT51][@CIT55]\]

Trojan Horse Hypothesis for Neuroinvasion {#sec1-7}
=========================================

Penetration of HIV into CNS is known as "Neuroinvasion." Neuroinvasion to CNS is still quite controversial because (i) HIV receptors and co-receptors are generally not expressed in brain cells except microglia and perivascular macrophages, (ii) CNS is protected by a unique protective layer known as BBB, which acts as sentry for brain, and (iii) any adverse response to neuron leads to neuronal cell death either by necrosis or by apoptosis.

BBB has selective permeability and it regulates trafficking of cells and other substances, which crosses BBB \[[Figure 1](#F0001){ref-type="fig"}\]. Any foreign material (including HIV) has to cross BBB to enter into brain; however, the mechanism for its entry into CNS is still not clear. Various animal models as well as *in vitro* experiments have been tried to understand mechanism of HIV entry into CNS via BBB.\[[@CIT25][@CIT26]\]

![Neuroinvasion of HIV-1: the figure depicts cellular components of blood--brain barrier (BBB). 1a) A normal BBB is represented here. It contains different cell types, *viz*., astrocytes, microglia, microvascular endothelial cells, oligodendrocytes, perivascular macrophages, *etc*. 1b) This figure is a graphical representation of various means for HIV entry into CNS including "Trojan horse hypothesis". (1 and 2) HIV infection to monocytes and T-lymphocytes in peripheral blood circulation. Upon HIV infection there can be breaches in BBB where (3) HIV may directly enter into brain via opening in tight junction, (4 & 5) HIV entry into the brain by transcytosis phenomenon, (6) HIV-infected monocytes and T-lymphocytes acts as carrier for HIV infections to the brain, and (?) mechanism of HIV infection to neurons and oligodendrocytes is still questionable](JPBS-2-300-g001){#F0001}

On the basis of different experimental evidences, various models have been proposed for neuroinvasion of HIV. They are (i) direct entrance of virus into brains, (ii) transcytosis, and (iii) Trojan horse hypothesis. Out of these three hypotheses, "Trojan horse hypothesis" is the most acceptable model to explain HIV infections to CNS.\[[@CIT56][@CIT57]\]

As per Trojan horse hypothesis, HIV enters into CNS as a passenger with infected cells finding their entry into brain. There are various CD4^+^ cells like T-cells and monocytes which are already infected with HIV, and freely circulate into blood circulation. These infected cells cross BBB and reach CNS where they may be responsible to propagate HIV infection to other CNS cells.\[[@CIT56]\] Evidences from *in situ* hybridization and immunohistochemical staining support Trojan horse hypothesis model with the accumulation of HIV in perivascular macrophages.\[[@CIT50]--[@CIT52]\] HIV-induced abnormalities in BBB has been observed but mechanism of microvascular endothelial cell infection is still not clear as these cells lack receptors and co-receptors for HIV infections. These cells express CCR5 and CXCR4, while expression of CD4 on these cells is contradictory.\[[@CIT58]--[@CIT60]\] Other ways of HIV entry into brain are "direct entry" to CNS or by "transcytosis" through microvascular endothelial cells.\[[@CIT25][@CIT61]--[@CIT63]\]

Inflammatory Cascade {#sec1-8}
====================

Neurons do not get infected with HIV, even though; neurodegeneration and neuronal loss have been commonly observed in HIV seropositives. Neurotoxicity must be a causative factor for this neuronal loss. Neurotoxicity may be induced by excessive production of inflammatory biomolecules or mediators of inflammation produced by different cell types of CNS.

Monocytes, lymphocytes, and activated macrophages after entering into CNS release various pro-inflammatory, inflammatory cytokines, reactive oxygen, and other biomolecules with high neurotoxic potential. These mediators individually, additively, or synergistically disrupt normal functioning of cells of CNS by inducing neurotoxicity. This may cause alterations in neurotransmitter action and causes leukoencephalopathy resulting in neuronal apoptosis.\[[@CIT64][@CIT65]\] TNF-α, platelet activating factor (PAF), nitric oxide (NO), and quinolinic acid (QUIN) also behave like neurotoxicant and cause neurotoxicity. NO is produced by microvascular endothelial cells, macrophages, and neurons which may result in N-methyl-D-aspartate (NMDA) type glutamate-associated neurotoxicity. Elevated levels of NO synthase has been reported in the brain of HAD patients, while a 40-fold increase in expression of NO synthase in neurons of drug addict HIV patients.\[[@CIT66][@CIT67]\] TNF-α is produced by macrophages and microglia and it mainly affects oligodendrocytes.\[[@CIT68]\] An elevated level of TNF-α mRNA has been reported in HIV patients with neurological complications.\[[@CIT69]\] TNF-α causes damage to BBB and facilitates entry of peripheral blood cells.\[[@CIT70]\] Pro-inflammatory cytokines like TNF-α, IL-1, and IFN-α are found to be present in elevated level in AIDS patients.\[[@CIT71][@CIT72]\]

HIV Compartmentalization {#sec1-9}
========================

T-cells and monocytes are primary target for HIV infection because they are positive for CD4 and co-receptors. These cells are always a source of productive HIV infection. In turn, these infections may become a source for CNS infection. At what stage HIV infects CNS is still a question, as there are no conclusive evidences for this. Although, the various possibilities for CNS infection are as follows: (i) HIV infects CNS soon after the infection of peripheral blood cells, (ii) HIV infection in CNS remains latent for a longer time after initial infection, (iii) HIV infections get cleared from CNS after initial infection and re-enter in CNS at a later stage during the course of infection, (iv) CNS gets infected with HIV at different time points, post-HIV infections. HIV infections of CNS at different time points during course of HIV infection seem to be most rationale scenario among all these possibilities.\[[@CIT73]\]

HIV infection can be compartmentalized into two compartments: (A) peripheral tissues which include blood, lymphnodes, and spleen, where mutation of HIV or phylogenetic evolution of HIV is rapid and high, while (B) CNS, which is a separate compartment for HIV replication where HIV replication is comparatively slow. Phylogenetic studies have shown that viruses present in CNS are more closely related to each other suggestive of slow mutation rate in CNS.\[[@CIT74]--[@CIT78]\] The reasons for this slow mutation rate in CNS is due to (i) low penetrance of antiretroviral drugs to CNS leaving minimal chances for development of drug resistance, (ii) a reduced production of neutralization antibody in CNS, and (iii) reduced response of cytolytic T-cells in CNS. Another contributing factor for this restricted HIV replication and close resemblance in HIV progeny from CNS is due to unavailability of CNS cells, which can support HIV replication. Oligodendrocytes and neurons do not participate directly in HIV replication with exception of astrocytes and perivascular macrophages. But, the participation of all these cell types in neurotoxicity is indirect because the ability of these cells to remove toxic products from CNS is significantly diminished. Majority of CNS cells are incapable of productive HIV infection with the exception of microglia and perivascular macrophages.

Future Perspective {#sec1-10}
==================

NeuroAIDS is expected to be a major upcoming health issue among long-term HIV seropositive survivors and AIDS patients. Microglial cells and perivascular macrophages are known to be infected with HIV, while neurons are completely nonpermissive to HIV infections. Neuronal loss is commonly observed among AIDS patients, even though neurons are nonpermissive to HIV infections. This neuronal loss could be triggered due to direct/indirect neurotoxicity induced due to infection of other cells of CNS. Majority of data obtained about neuropathogeneis of HIV has been obtained either *in vitro* studies or from cadaver samples, as we do not have any suitable animal model for HIV. It is difficult to judge the role of HIV infection and accessory biomolecules on neurocognitive impairment because of non-availability of any suitable animal model either for HIV or neuroAIDS. Therefore, it is very important to develop an animal model for neuroAIDS to study the impact of HIV infections to CNS and its consequences. Various anti-inflammatory agents, drug-efflux pump inhibitors, and even nanoparticles have shown their significance with therapeutic potential. But their efficacy for neuroAIDS can be established with testing in improved *in vitro* models for BBB as well as with the search of a suitable animal model for neuroAIDS. This will also help us to elucidate the mechanism and interaction of various cell types of CNS during active infection and replication in CNS.
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